Introduction

L
arge mandibular defects pose substantial challenges to reconstructive surgeons due to several factors, including the aesthetic need to preserve the natural contours of the face, high infection rates due to proximity to the oral flora, and the significant size of the defects. 1, 2 Furthermore, these patients often have additional complicating factors, such as irradiation of the site in oncologic patients and massive composite defects of soft tissue, nerve, and bone in trauma and military populations. 1, 3, 4 Most commonly, these defects are reconstructed with autograft (AG) bone as either a flap (transferred with native vasculature) or as a graft (without vasculature). 5 While flaps are preferred, flap harvest and transfer is more technically demanding than grafting and there are less available donor sites for potential flaps. [5] [6] [7] In either case, the donated tissue often does not conform to the geometry of the defect site and the surgeon will attempt to shape it as best as possible to retain facial aesthetics.
Due to the importance of the shape of the donor tissue and the lack of potential donor sites, autologously generated flaps from in vivo bioreactors have been explored as an alternative tissue source for large craniofacial defects. 8 In vivo bioreactors are chambers and/or scaffolds placed in an orthotopic site in the patient's body where tissue can be grown and harvested for later transfer. 9 This in vivo bioreactor approach particularly lends itself to the two-stage mandibular reconstruction strategy, as new tissue can be grown in the bioreactor while a space maintenance device preserves the anatomical planes within the mandibular defect. 10 In combination with growth factors and scaffold material, the in vivo bioreactor approach has been utilized in humans to repair large mandibular defects in pilot studies. [11] [12] [13] However, the introduction of growth factors to a system for use in the craniofacial region carries risks of tissue overgrowth, nerve impingement, and additional regulatory challenges. 14 To that effect, strategies utilizing in vivo bioreactors without exogenous growth factors are being explored. Specifically, poly(methyl methacrylate) (PMMA)-based chambers have been filled with different scaffold materials and implanted against the periosteum of sheep rib for tissue generation. [15] [16] [17] [18] [19] After tissue ingrowth, the chamber can be harvested with the accompanying intercostal artery and vein, resulting in a flap that matches the dimension of the implanted tissue chamber. 15, 19 While morcellized autologous bone graft, devitalized autograft, and poly(lactic-co-glycolic acid) scaffolds have all been explored previously as scaffold material, autograft resulted in the greatest amount of generated bone. 16, 18 In addition, these tissue chambers have been harvested from the rib at different time points, and 9 weeks has been established as an optimal time for ossified tissue growth. 16, 19 This approach has been successful in generating vascularized bone flaps in both a sheep model [15] [16] [17] [18] [19] and in a reported clinical case. 20 Although this system has been shown to be successful in generating ossified tissue with specific dimensions, this tissue had not previously been transferred to a defect in the sheep model. While morcellized autograft bone may be beneficial due to endogenous growth factors within the extracellular matrix, its harvest increases donor site morbidity. It may be possible that the combination of synthetic bone graft with autograft can reduce the amount of donor tissue needed for the scaffold within the bioreactor. Synthetic ceramic bone grafts are currently available to clinicians to aid in the reconstruction of defects as cellular scaffold material. 21, 22 For example, biphasic ceramic synthetic graft (SG) materials can be composed of different ratios of beta-tricalcium phosphate and hydroxyapatite and have shown efficacy in the repair of craniofacial bone. 23, 24 Therefore, in this feasibility study, tissue chambers were filled with different ratios of synthetic graft particles (85% beta-tricalcium phosphate/15% hydroxyapatite) to morcellized rib autograft and implanted against the periosteum of sheep rib. These tissue chambers were harvested after 9 weeks of growth and evaluated by microcomputed tomography (mCT) and histology to determine the effect of initial synthetic graft incorporation on the quantity and quality of tissue growth. In three animals, the contents of these in vivo bioreactors were transferred as vascularized free flaps to a mandibular angle defect. After 12 additional weeks, these mandibles were harvested and histologically evaluated to determine the viability of the tissue and integration with the native bone. Overall, the objective of this work was to determine the feasibility of transferring tissue generated from an in vivo bioreactor to a mandibular defect as a vascularized free flap and to evaluate the effect of synthetic bone graft on tissue growth.
Materials and Methods
Sheep and tissue chambers
Four female Dorset sheep (age 4 months, weight 31-35 kg) were used in a protocol approved by the Wake Forest University Institutional Animal Care and Use Committee. Tissue chambers were prepared as described previously. 18 Briefly, these chambers were fabricated from PMMA in dimensions of 4 · 1 · 1 cm (length · width · height), with a single open face (4 · 1 cm). An ethylene-vinyl acetate cuff (1 cm overhang) was heat-molded around a metal bar of the same dimensions (4 · 1 · 1 cm) so that the PMMA chamber fit tightly inside to allow for suturing around the chamber exterior (Fig. 1A) .
The chambers were sterilized by ethylene oxide. Each sheep was assigned to receive four chambers filled with different proportions (V/V) of morcellized AG or SG (MasterGraft Resorbable Ceramic Granule Ò ; Medtronic, Minneapolis, MN): (1) 100% AG, (2) 75% AG/25% SG, (3) 50% AG/50% SG, (4) 25% AG/75% SG, or (5) 100% SG. The four sheep were randomly assigned the chambers as shown in Table 1 .
Chamber implantation
Sheep were anesthetized and intubated. Two incisions (*12 cm) were made on the left flank, parallel to rib orientation. Through these incisions, the rib periosteum was accessed. On alternating ribs, beginning with either the second or third rib, four rib sections (5-6 cm in length) were removed. These sections were placed in a bone mill (KLS Martin, Mühlheim, Germany) to generate morcellized autograft (Fig. 1B) . The morcellized autograft was packed at a consistent volume (0.55 g/L) for each group. 
FIG. 1. (A)
AUTOLOGOUSLY GENERATED BONE FLAPS FOR MANDIBULAR RECONSTRUCTION
These chambers were sewn to the periosteum of the rib with the open face in contact with the periosteal cambium. Chambers of 100% SG were wet with saline to minimize spillage during placement. In the case that the pleura was violated while removing a rib segment (occurred in one out of four animals), the pleura was repaired with a figure-ofeight stitch and the next alternating rib was used for the placement of the last chamber. After tissue chamber placement, the muscle, fascia, and skin were closed.
Chamber harvest and flap transfer
Nine weeks after implantation, the chambers were harvested with the animals under anesthesia. Briefly, the skin, fascia, and muscle were dissected for access to the ribs. Three of the chambers were removed by rongeur without pedicle. In three animals, the remaining chamber (100% SG, 100% AG, and 100% AG, respectively) was utilized as a flap for a created mandibular defect in the same animal from which the chamber was harvested. The intercostal artery and vein were isolated from one side of the flap, and the pedicle on the other side remained attached until the mandibular defect was prepared. This defect was created in the angle of the right mandible (4 cm in length · 1 cm in height) by using a dental bur (Fig. 2 ). An incision in the neck allowed for access to the great vessels and the flap was transferred into the defect. Anastomoses were performed under surgical microscopy (Leica Microsystems, Wetzlar, Germany) to attach the arterial (approximate diameter of 1.5 mm) and venous (approximate diameter of 0.5 mm) pedicles to a branch of the external carotid artery (transverse facial artery, internal maxillary artery, superficial temporal artery, or lingual artery depending on vessel size and availability) and accompanying vein in a side to side and end to side orientation. After confirming patency by observing pulsations, the flap was fixed by a small midface plate (KLS Martin) with standard bone screws and plating technique. The mandible and neck incisions were closed. The fourth sheep was euthanized for chamber harvest with no flap transfer. Harvested chamber contents were placed in 10% neutral buffered formalin for fixation.
Mandibular harvest
Twelve weeks following the transfer of the flap to the mandibular defect, the remaining three animals were euthanized for harvest of the mandibular angles. The mandibular angles and contralateral controls were removed by dental bur and fixed in 10% neutral buffered formalin for processing and analysis.
Microcomputed tomography
To perform nondestructive imaging and assessment of bone quality, a SkyScan 1172 microCT imaging system (SkyScan, Aartselaar, Belgium) was used to scan the tissue chamber specimens. Briefly, wet specimens were wrapped in parafilm and imaged with an X-ray tube voltage of 100 kV and current of 100 mA. Volumetric reconstruction and analysis was conducted using the software NRecon and CTAn as provided by SkyScan with 50% beam-hardening correction and a binary threshold of 40-255 with voxel size 
Histology
After scans, all samples were dehydrated in 70% ethanol. The tissue chamber specimens were embedded in methylmethacrylate, sliced in 10 mm sections along the Y-axis of the tissue chamber (Fig. 1A ) using a microtome with a diamond blade (Leica Microsystems SP 1600, Nussloch, Germany), and subsequently stained with methylene blue/ basic fuchsin. The mandibular specimens were embedded in methylmethacrylate, sliced in the coronal plane in 10 mm thick sections, and also stained with methylene blue/basic fuchsin. The sections were analyzed using light microscopy (Zeiss Axio Imager Z1 and AxioCam MRc 5; Carl Zeiss AG, Oberkochen, Germany). Fractional depth measurements were computed as described previously. 15 Briefly, the periosteum (or tissue at the open face of the chamber) was oriented as the X-axis. Perpendicular lines at 1/3, 1/2, and 2/ 3 the length of this line were drawn and the distance from the X-axis to the furthest living bone, as defined by viable osteocytes in lacunae, was measured at each point. These values were averaged and taken across three sections of each sample. The total average was taken per specimen and normalized by the height of the chamber (1 cm), resulting in the fractional depth measurement for that specimen. In addition, histomorphometry was performed to measure the percent surface area of remaining SG and newly formed bone. Briefly, the surface area of remaining SG and newly formed bone was traced and measured with ImageJ (National Institutes of Health, Washington, DC) and divided by the total surface area of the tissue specimen grown within the implanted chamber. These measurements were performed on three sections per specimen and averaged to calculate the reported values of surface area of remaining SG and surface area of newly formed bone.
Results
Surgical recovery
All sheep recovered from the first surgery without complications. After the second surgery, one of the three sheep (100% AG flap) showed some facial edema, which resolved in *1 week with no further intervention. All animals were able to ambulate and consume solid food the day following surgery.
Gross specimens
Two of the 16 rib chambers (chamber 1 in sheep 2 and chamber 3 in sheep 4) contained serous fluid upon harvest with no tissue ingrowth. Tissue filled the remaining chambers, roughly conforming to the dimensions of the chamber (Fig. 3A) . Robust tissue growth occurred underneath the chambers and followed the contour of the chamber flap (Fig.  3B) . The ossified tissue of chamber 4 in sheep 3 was accidently broken into two pieces upon chamber harvest. The larger piece was scanned by mCT, but this specimen was not used for fractional depth calculations. The intercostal artery and vein were able to be isolated and harvested as the flap pedicle (Fig. 3C) . In all but one of the chambers with tissue, specimens had bone-like quality upon handling and were capable of supporting screws for plating (Fig. 3D) . The contents of chamber 4 in sheep 4 were of fibrous consistency, which was later corroborated by mCT and histologic results (data not shown).
Microcomputed tomography
Specimens were scanned by mCT and analyzed to calculate BV/TV, Tb.N., Tb.Sp., and Tb.Th. (Figs. 4 and 5) . Representative scans of specimens from each group of SG/ AG ratio are presented in Figure 4 . Significant differences between groups cannot be determined as the sample size of this pilot study is insufficient to perform statistical analysis.
Histology
Histological examination of the specimens from the tissue chambers revealed that ossified tissue generation occurred in all groups (Fig. 6) . In specimens containing synthetic graft, there were gray regions within the tissue (Fig. 7) that resemble the histologic staining of beta-tricalcium phosphatebased materials seen in the literature. 25 These gray particles were absent in 100% AG-containing specimens (Fig. 8) . In some regions, there appeared to be little new bone growth. For example, as seen in Figure 8A , sections of fragmented bone with no viable osteocytes surrounded by soft tissue could be seen in the apical region of the specimen, along with fibrous bands. In the same specimen, more robust bone FIG. 6. Representative histologic images. These tissue chamber specimens have been implanted against rib periosteum for 9 weeks. The sections are oriented so that the left hand side of each specimen was the side adjacent to the periosteum and the right hand side was most distal to the periosteum upon implantation (scale bar = 2000 mm).
FIG. 7.
Tissue chamber specimen with initial SG composition of 100%. Top: Low magnification view. For orientation, the bottom side was adjacent to the periosteum and the top side was most distal to the periosteum upon implantation (scale bar = 2000 mm). Bottom: High magnification section to demonstrate the osteointegration of SG particles with newly formed bone (scale bar = 500 mm).
growth can be seen in other regions (Fig. 8B) . In many of the specimens, there was healthy growth of bone throughout the sample (Fig. 6) . The synthetic graft particles appear to have become osteointegrated with the newly formed bone (Fig. 7) . There does not appear to be a large effect of initial SG composition on the fractional depth, or height of viable bone grown within the chamber (Fig. 9) , although this cannot be statistically calculated from the pilot study. Likewise, the percent surface areas of newly formed bone and remaining SG are reported in Figure 10 .
Coronal sections of the mandibular flap reveal successful incorporation into the native bone (Fig. 11) . In fact, it is difficult to distinguish native bone from the implanted flap at the defect borders. Compared to the contralateral control (left mandibular angle), the flap is much wider. This conforms to the initial geometries-the width of the tissue chamber is 1 cm, whereas the thickness of the sheep mandibular angle is *0.5 cm. Grossly, there do not appear to be differences between the two 100% AG flaps and the one 100% SG flap in terms of integration. Both types of flaps exhibit small void spaces. SG particles can be seen remaining in the 100% SG flap (Fig. 11A) . The SG appears to be osteointegrated with the newly formed bone, as demonstrated by bone growth around SG particles and within SG pores (Fig. 12) . 
FIG. 9.
Fractional depth as a function of initial synthetic bone graft composition (n = 1, 2, 3, 2, and 1 for groups with initial SG composition 0%, 25%, 50%, 75%, and 100%, respectively). The specimen scoring higher than 1 had such robust growth that new tissue displaced the chamber forward.
FIG. 10.
Percent surface area of bone within the chambers (white markers) and remaining SG (black markers).
Discussion
The ability to autologously generate a tissue-engineered bone flap of customizable dimensions for transfer into craniofacial defects, without the aid of exogenous growth factors, would represent a major advancement in the field. While the feasibility of generating these flaps orthotopically has previously been described and optimized in this sheep model, [15] [16] [17] [18] [19] transfer into a mandibular defect had not been demonstrated in the literature. In addition, the use of synthetic bone graft as a scaffold in place of autograft could result in the mitigation of donor site morbidity for the clinical translation of this approach. In this study, tissue chambers with different ratios of autograft and synthetic bone graft were prepared and implanted on the periosteum of sheep rib for 9 weeks. While this pilot study did not have a sufficiently high sample size to perform statistical comparisons, the use of synthetic bone graft did not appear to diminish the quantity or quality of bone generated as assessed by mCT parameters and histological measurements (Figs. 5, 9, and 10) .
When analyzing the mCT data (Fig. 5) , it is important to note that the trabecular indices (Tb.Sp., Tb.Th., and Tb.N.) are intended for trabeculae and not necessarily the ossified tissue-engineered construct that is grown within these implanted chambers. In another ovine study, trabecular bone samples were obtained from sheep femoral condyles and grouped by mechanical strength. It was found that greater trabecular bone strength is positively correlated with BV/TV, Tb.N., Tb.Th., and negatively correlated with Tb.Sp. 26 Similar relationships have been reported in human bone studies. 27 The mean values of the ovine measurements, pooling all groups together (n = 45), were reported as 28% -7%, 1.70 -0.13 mm -1 , 0.53 -0.05 mm, and 0.19 -0.05 mm for BV/TV, Tb.N., Tb.Sp., and Tb.Th., respectively. 26 When pooling together specimens from all groups in this pilot study (n = 10), the mean values were 46% -13%, 2.25 -0.35 mm -1 , 0.27 -0.13 mm, and 0.20 -0.04 mm for BV/TV, Tb.N., Tb.Sp., and Tb.Th., respectively. Comparing these results, the tissue grown in the chamber had greater BV/TV and Tb.N., similar Tb.Th., and smaller Tb.Sp. than the average values of tissue from sheep femoral condyles. Based on the correlation of bone strength with these mCT parameters, it is possible that the tissue generated in the implanted chambers has greater mechanical strength than pure trabecular bone and may be more similar to corticocancellous bone. In future studies, mechanical testing will be performed on specimens to further explore the nature of the generated tissue.
The fractional depth measurements reported in this study (Fig. 9) are within the values previously reported for morcellized autologous bone and exceed the values reported for empty chambers and devitalized bone. 16 The SG particles appear to partially degrade over time, as illustrated by the minimization of SG and appearance of new bone in tissue chambers that were initially filled completely with SG particles (Fig. 7) . While statistics cannot be performed due to the small sample size, the inclusion of SG does not appear to diminish the percent surface area of bone formed within the chambers (Fig. 10) .
In our study, regions of SG remain in tissue chambers at 9 weeks and in a flap transferred to the mandible after a total of 21 weeks (*5 months) in vivo. These regions demonstrate osteointegration of the SG by newly grown bone and appear to incorporate well into the native bone architecture (Figs. 11  and 12 ). This corroborates with other in vivo studies, which have noted the continued presence of this SG with some degradation over a similar time scale. 23, 28 As these particular SG particles are composed of 85% beta-tricalcium phosphate and 15% hydroxyapatite, it is possible there was some early resorption as this biphasic material is more readily degradable than pure hydroxyapatite graft. 21 The release of calcium and phosphates from this degradation may aid osteoconduction and osteoinduction, 24 resulting in the bone formation seen in these results. In the two chambers with serous fluid and limited tissue ingrowth, it is possible that the fragile cambium layer of the periosteum, where the majority of mesenchymal stem cells reside, 29 was damaged during insertion of the tissue chamber. Experience with this procedure may reduce this negative outcome (seen in 2/16 chambers). In this study, flap transfer from these tissue chambers was successful in all animals (3/3), regardless of initial scaffold composition within the chambers. Flap integration with native bone after insertion into a mandibular angle defect was observed by histology. While central necrosis is often seen in large bone grafts due to lack of nutrient and oxygen diffusion, the anastomosis of the flap with local vasculature allowed for viable tissue almost completely throughout the region, with only a small void space (Fig. 11) . In this study, all sheep tolerated both stages of the procedure well. The flap transferred with SG showed healthy integration, with bone encapsulating particles and growing within particle pores (Figs. 11 and 12) . As demonstrated by the width of the right mandible compared with the contralateral control side, the transferred tissue retained some of its initial geometry. However, when grossly comparing the contents of the tissue chambers at 9 weeks to the mandibular flaps 12 weeks later, it is clear that significant remodeling had taken place within the flap. To minimize potential tissue disturbance, the surgical plate was kept in place for histology and therefore mCT was not successfully performed due to scanning artifacts from the plate. However, in future studies, the plate will be removed after harvest and the mandibles will be subjected to mCT, allowing for more quantitative data on flap remodeling by measurements such as BV/TV and mandibular ridge width compared to the contralateral control.
Conclusion
This study demonstrates the feasibility of transferring a tissue-engineered vascularized bone flap grown in an autologous in vivo bioreactor to a defect site. Flap generation was possible using either autologous bone, synthetic bone graft, or a combination of the two. After transferring flaps that were originally either 100% autologous bone or 100% synthetic bone graft into a mandibular angle defect, it was seen that both types of flaps remained viable after 12 weeks in 3/3 animals. This growth factor free strategy is an appealing approach to the complex problem of large craniofacial defect reconstruction.
